Previous studies demonstrated that the rabbit ,B-globin gene is transcribed from its own promoter and regulated as a herpes simplex virus (HSV) early gene following insertion into the early HSV thymidine kinase gene in the intact viral genome (J. R. Smiley, C. Smibert, and R. D. Everett, J. Virol. 61:2368-2377. We report here that the B-globin promoter remained under early control after insertion into the late HSV gene encoding glycoprotein C. On the basis of these findings, we concluded that the j-globin promoter is functionally equivalent to an HSV early-control region. We found that a transduced human a-globin gene was also regulated as an early HSY gene, while two linked Alu elements minicked the behavior of HSV late genes. These results demonstrate that certain aspects of HSV temporal regulation can be duplicated by cellular elements and provide strong support for the hypothesis that the regulation of HSV gene expression can occur through mechanisms that do not rely on recognition of virus-specific temporal control signals.
The 70 herpes simplex virus (HSV) genes are transcribed by RNA polymerase II in a regulatory cascade driven by viral products (33) . Five immediate-early (IE) genes are expressed first (1, 6, 43, 51, 68) , and four of the IE polypeptides play crucial roles in activating transcription of the remaining early (E) and late (L) genes (8, 9, 16, 18, 24, 47, 49, 50, 53-55, 61, 66 ; reviewed in reference 19 ). E genes are maximally expressed before the onset of viral DNA replication, while two subclasses of L genes require DNA replication for high-level expression. Promoter transplant experiments have shown that the temporal regulation of individual HSV genes during infection is dictated mainly by sequences present in their respective promoter regions (31, 48, 57) , and nuclear run-on transcription assays suggest that this control occurs largely at the transcriptional level (25, 69) .
The detailed mechanisms of action of the HSV IE proteins remain unknown. Although the IE polypeptide ICP4 binds directly to specific sequences present in HSV and some heterologous DNAs (2, 20, 21, 38, 39, 45, 46) , the role of sequence-specific DNA binding in the transactivation mediated by this polypeptide remains unclear; for example, an ICP4-binding site located in the upstream region of the glycoprotein D gene (2, 20) does not appear to be required for transactivation of this gene by ICP4 (14, 15) . Extensive studies of several HSV E and L promoters have indicated that many of the cis-acting regulatory sequences required for activation by IE proteins and temporal regulation during infection correspond to the binding sites of cellular transcription factors (7, 12, 13, 15, 31, 32, 35, 56) . These results suggest that the temporal control of HSV E and L genes relies at least in part on changes in the activity of cellular transcription factors that recognize distinctive constellations of binding sites in E and L promoters.
An independent line of evidence supporting this view comes from studies of the regulation of cellular promoters by HSV products. The rabbit P-globin gene is activated by HSV IE polypeptides when it is newly introduced into fibroblasts by transfection (15) (16) (17) or as part of an infecting HSV genome (60) . In the latter case, P-globin is regulated as an HSV E gene following insertion into the E thymidine kinase * Corresponding author. gene (tk). A straightforward interpretation of these results is that the ,-globin control region is functionally equivalent to a bona fide HSV E promoter. An alternative explanation is that cellular genes resident in the viral genome are regulated by HSV-specific temporal control signals present in the flanking viral DNA sequences. According to this hypothesis, P-globin is controlled as an E gene following insertion into the tk locus because it falls under the influence of putative HSV-specific E-regulatory signals that govern tk gene expression.
The hypothesis that the P-globin promoter is equivalent to an HSV E-control region predicts that its regulation does not depend on the temporal class of the viral gene into which it is inserted. We tested this prediction by inserting the ,Bglobin gene into the HSV L gene encoding glycoprotein C (gC) and found that the 3-globin promoter remained under E control in this situation. From these results, we concluded that the temporal regulation of P-globin expression by HSV products depends on features of the P-globin promoter rather than on the nature of the flanking viral sequences.
The finding that the 3-globin promoter was regulated as an HSV E promoter in a context-independent fashion prompted us to study the control of several additional cellular genes following incorporation into the HSV genome. We found that the human a-globin gene was also regulated as 
RESULTS
Insertion of the rabbit I-globin gene into the HSV gC locus. Previous studies demonstrated that the intact rabbit P-globin gene is transcribed from its own promoter and regulated as an HSV E gene following insertion into the E tk gene in the viral genome (60) . We wished to determine whether the P-globin promoter remained under E control when the globin gene was placed within the body of a true L HSV gene. We constructed a plasmid in which a 3.7-kb XbaI fragment bearing the rabbit ,3-globin gene and 1,200 nt of 5' globinflanking sequences was inserted into the XbaI site within the dispensable L gene encoding gC (22, 32) , and then we transferred the resulting insertion mutation into the viral genome by in vivo recombination to produce strain gC-beta ( Fig. 1 ). The introduction of 3-globin sequences into the gC gene resulted in the replacement of a wild-type 2.2-kb HindIII-EcoRI gC fragment with the expected gC-globin fusion fragments of 3.3 and 1.9 kb (Fig. 2 ) and the acquisition of a 590-base-pair internal globin EcoRI fragment (data not shown).
E expression of rabbit ,I-globin in strain gC-beta. We first tested whether the insertion of P-globin sequences disrupted the regulation of transcripts initiated from the gC promoter in strain gC-beta by studying the effects of inhibiting viral DNA replication with aphidicolin. Cytoplasmic RNA extracted from Vero cells infected with gC-beta and the parental PAA'5 strain was analyzed by primer extension by using a probe complementary to residues +54 to +79 relative to the gC mRNA cap site. Accumulation of correctly initiated gC RNAs was strongly inhibited by blocking viral DNA replication in both viral strains (Fig. 3) . We therefore concluded that expression from the gC promoter remained highly dependent on DNA replication in gC-beta.
We studied the regulation of the inserted ,B-globin gene by S1 nuclease analysis of globin transcripts produced during lytic infection of Vero cells. The S1 probe was derived from a previously described gD-globin fusion (14) and allowed differentiation of globin RNAs promoter from those arising by readthrough from upstream sequences (Fig. 4D) . Correctly initiated f-globin transcripts were detectable at 3 h postinfection and did not increase in abundance thereafter. These globin RNAs accumulated with roughly the same time course as those derived from the E gD gene (14, 67) and were detectable before those arising from the true L US11 gene (36) . Accumulation of globin RNA was strongly suppressed by blocking viral protein synthesis with cycloheximide but was not reduced by blocking viral DNA replication with aphidicolin (Fig. 5) . These data suggest that globin expression required viral IE polypeptide synthesis and was largely independent of DNA replication. On the basis of these results, we concluded that the rabbit 3-globin gene remained under E control when it was embedded within a viral L gene. Two additional globin-related transcripts, AT1 and AT2 (Fig. 4 and 5) , accumulated at later times postinfection. One of these, AT2, gave rise to an Si signal mapping to the site of sequence divergence between gC-beta DNA and the probe used and must therefore arise by readthrough from the upstream globin sequences. The second (AT1) generated an S1 signal mapping to a previously described cryptic spliceacceptor site located at approximately +46 in the globincoding sequences (26, 60) Fig. 3 and 5 ). We therefore suspect that transcripts initiated at one or more additional promoters, perhaps located upstream of the gC promoter or within the 5' flanking globin sequences, also contributed to the AT1 and AT2 Si signals.
Insertion of the human t2 globin gene and two Alu elements into the tk locus. Tackney et al. (62) reported that the intact Chinese hamster adenine phosphoribosyltransferase (aprt) gene was not detectably transcribed following incorporation into the HSV genome and interpreted these results as indicating that HSV regulators distinguish between cellular and viral promoters. Because of the contrasting behavior of the rabbit 3-globin and hamster aprt genes, we wished to learn whether the 3-globin gene was unique among cellular elements in its ability to be expressed to high levels when transduced by HSV. We therefore studied the regulation of the human (2 globin gene and two linked Alu elements present on a 4.3-kb SstI fragment following insertion into the viral tk gene (Fig. 6) (5, 34, 63) . Thus, if the ox-globin gene was also activated by HSV products, the result would reduce the likelihood that this control results from recognition of "virus-specific" signals accidentally present in globin DNA. Second, Alu elements are transcribed by RNA polymerase III in vitro (10, 11; reviewed in reference 52), and we wished to learn whether certain cellular pollll-transcribed genes can also be expressed to high levels following transduction by HSV.
Insertion of the 4.3-kb (x-globin fragment into the tk gene of strain tk-alpha resulted in loss of the wild-type 3.5-kb BamHI and 2.4-kb EcoRI tk fragments and acquisition of the predicted 7.8-kb BamHI and 6.7-kb EcoRI fragments bearing the globin insert (Fig. 7) .
E expression of the a-globin gene. We studied the regulation of the inserted a-globin and Alii transcription units by primer extension analysis of cytoplasmic RNAs produced during lytic infection of Syrian hamster BHK21 cells with tk-alpha. BHK21 cells were chosen instead of Vero cells to reduce the risk of cross-hybridization between primers designed to detect transcripts arising from the virally transduced human genes and the closely related endogenous primate sequences present in Vero cells. Control experiments demonstrated that RNA prepared from PAAr5-infected BHK21 cells did not react with the ot-globin and Alu primers (data not shown).
Correctly initiated ox-globin transcripts accumulated with an early time course: transcripts were detected at 3 h postinfection, reached maximal levels by 6 h, and remained relatively constant in abundance thereafter (Fig. 8) . In addition, ot-globin expression was blocked by inhibiting protein synthesis with cycloheximide but was not greatly affected by suppressing viral DNA replication with aphidicolin (Fig. 9) . Similar results were obtained during infection of Vero cells with strain tk-alpha (data not shown).
L expression of Alu elements. The two Alu elements transduced by strain tk-alpha differ in size: AluI is a standard human monomer, while AllII is a dimer composed of two fused Alii elements. In addition, AluI and AluII differ significantly in their primary sequences, necessitating the use of separate primers to detect their respective transcripts. The primers were complementary to residues 95 to 120 of the Alu elements and were designed to prevent cross-hybridization to the related 7SL RNA (64) .
Both Alu elements gave rise to abundant cytoplasmic transcripts initiated at the first residue of the Alu repeat, i.e., the initiation site of RNA polymerase III in vitro ( Fig. 8 and  9 ) (11). Alu transcripts were first detected 6 h postinfection, and the levels of Alii RNA increased at later times. Accumulation of Alii transcripts was completely suppressed by blocking DNA replication with aphidicolin and by inhibiting protein synthesis with cycloheximide (Fig. 9) . In these respects, the Alii elements were regulated in a fashion that closely mimics the behavior of HSV true L genes.
RNA polymerase III terminates transcription immediately following a run of four or more T residues in the nontemplate strand (4, 11, 40) . As an indirect test of whether the Alti transcripts arising from the virally transduced elements were transcribed by polymerase III, we mapped the 3' end of the AluI transcript by S1 nuclease protection analysis. Using a 3'-labeled A}vaI-Nc oI probe fragment labeled at an AvaI site ca. 100 nt upstream of the 3' end of the element, we detected a protected fragment of ca. 162 nt (Fig. 10) . This result maps the 3' end of the AluI transcript within a run of 6 T residues (Fig. 10C) , which corresponds to the first run of four or more T residues in the downstream flanking human sequences. Thus, the position of the 3' end of this Alu transcript provides indirect evidence that it is transcribed by RNA polymerase III.
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DISCUSSION
Previous studies demonstrated that the rabbit beta-globin gene was transcribed from its own promoter and regulated as an HSV E gene following insertion into the E tk gene in the intact viral genome (60) . The results presented in this paper show that the globin promoter remained under E control when it was inserted into the body of the true L viral gene encoding gC. Thus, in this instance, the regulation of a cellular gene residing in the HSV genome was not dictated by the temporal class of the viral gene into which it was inserted. These data strongly suggest that the 3-globin control region provides the functional equivalent of an HSV E promoter and demonstrate that E regulation can occur through mechanisms that are not restricted to viral promoters. Consistent with this view, we found that the highly diverged human ot2 globin gene was also expressed under E control in a viral recombinant. This latter finding reduces the likelihood that the regulation of globin genes by HSV products relies on recognition of virus-specific temporal control sequences accidentally present in the upstream regions or transcribed bodies of these genes. Rather, it seems much more likely that this control results at least in part from virus-induced modifications that facilitate the interaction of one or more cellular factors with the globin control regions. Interpreted in this way, our data support the hypothesis that HSV regulators alter the activity of cellular transcription factors (44) in a fashion similar to that of the adenovirus Ela proteins (reviewed in reference 37).
It is intriguing that the expression of an HSV-transduced ot-globin gene required viral polypeptide synthesis. In contrast to f-globin genes, the human ot-globin gene is efficiently expressed following transfection into a variety of cell types (5, 34, 63 arise through processes that do not involve recognition of 14SV-specific cis-acting signals. It will be interesting to learn whether any of the IE polypeptides provide additional levels of control that are specifically targeted to HSV E and L genes.
